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Abstract

A novel yellow-green light-emitting rigid-rod copolymer, poly[(2,5-bis(triethoxy)-1,4-phenylenevinylene)-alt-(1,4-phenylenevinylene)]
(BTEOPPV-alt-PPV) with an alternating structure containing oligo(ethylene oxide) side chains was synthesized by the Wittig reaction of the
corresponding triphenylphosphonium chloride and dialdehyde compounds. This soluble and processable copolymer with both electronic and
ionic conduction showed good thermal stability as weight loss was less than 5% on heating to about 365°C under nitrogen atmosphere. The
DSC thermogram and other relevant measurements showed the liquid crystalline properties and self-ordering in the copolymer. BTEOPPV-
alt-PPV complexed with metal ions shows an ionochromic effect in the absorption spectrum and also in the electroluminescence spectrum
due to the covalent linkage of the oligoethyleneoxy side chains as molecular recognition sites to the PPV backbone, which represents an
approach toward chemical sensors. The single-layer light-emitting diode (LED) (ITO/polymer/Al) exhibits an emission maximum at ca
552 nm corresponding to yellow-green emission with a turn-on voltage of 7.5 V and efficiency of 0.038 Im/W (120 cd/m?, 10 V, 0.1 A/em?)
while the light-emitting electrochemical cell (LEC) (ITO/polymer + LiOT{/Al) without any extra supporting polymer electrolytes for ionic
conduction shows a lower turn-on voltage of 2.5 V, enhanced efficiency of 0.185 Im/W (210 cd/mz, 4V,0.09 A/cmz) and low response times

in the submillisecond range. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The discovery of a new generation of light-emitting
devices by Pei et al., with mobile ions incorporated into
the active polymer layer, has resulted in the introduction
of light-emitting electrochemical cells (LECs) [1,2]. These
original devices consist of two electrodes and an active
polymer layer blended with lithium triflate-doped poly-
(ethylene oxide) (PEO), which facilitates ionic conductivity.
An in situ light-emitting p—n junction was formed by simul-
taneous p-type and n-type electrochemical doping of elec-
trolyte-containing conjugated polymer chains between two
oppositely charged electrodes. Therefore, LECs have many
advantages such as low operating voltage, high quantum
efficiency, high power efficiency and non-sensibility to the
work function of the metal electrodes etc. However, the use
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of a polymer blend in these devices can result in phase
separation between the emissive layer and the polymer elec-
trolyte, which, in turn, could be detrimental to device
performance such as response times, which are necessary
for application of LECs in flat panel displays. To overcome
this problem, Cao et al. obtained such a bicontinuous
network morphology by using a bipolar liquid surfactant
in the blend [3]. Pei et al. reported the synthesis of a high-
efficiency luminescent polymer, poly[9,9-bis(3,6-dioxahep-
tyl)-fluorene-2,7-diyl], in which the conjugated poly(1,4-
phenylene) main chain is capable of transporting electrons
and holes while the grafted bis(3,6-dioxaheptyl) side groups
function to solvate ions and promote ion transport as
required for high-performance LECs [4,5]. It demonstrated
that EL polymers with very polar side chains, such as the
oligo(ethylene oxide)-grafted conjugated luminescent poly-
mers [6—27], should be very useful for LEC applications
because the polar substituents can act as ionic conducting
components to facilitate the electrochemical doping process.
The phase separation problem often associated with more
conventional LEC devices based on the mixture of polyelec-
trolyte and m-conjugated polymers could be minimized
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because of the covalent linkages between the oligo(ethylene
oxide) side chains and the conjugated backbone.

While various poly(phenylenevinylene) (PPV) deriva-
tives substituted with alkoxy, alkyl, aryl, halogen, and alkyl-
sily] side groups have been used in LEDs, some
oligo(ethylene oxide)-grafted PPVs have been reported for
LEC applications [7-21]. While this work was in progress,
we noted that the synthesis and characterization of red or
orange-red light-emitting homopolymers or statistical copo-
lymers derived from PPV derivatives with oligo(ethylene
oxide) side chains, via the Gilch or sulfonium precursor
route for LEC applications, were described in the recent
literature [7—18]. In this communication, we present the
synthesis for the first time via the Wittig reaction and char-
acterization of a novel yellow-green light-emitting rigid-rod
copolymer poly[(2,5-bis(triethoxy)-1,4-phenyleneviny-
lene)-alt-(1,4-phenylenevinylene)] (BTEOPPV-alt-PPV).
This polymer has an alternating structure in which one
block is based on p-phenylenevinylene and the other unit
is liked with 2,5-substituted p-phenylenevinylene with
ethoxy-terminated oligo(ethylene oxide) side chains. We
also present the fabrication and characterization of the
light-emitting devices from this soluble and processable
copolymer with both electronic and ionic conduction.

2. Experimental

2.1. Synthesis of poly[(2,5-bis(triethoxy)-1,4-
phenylenevinylene)-alt-(1,4-phenylenevinylene)]
(BTEOPPV-alt-PPV) (Scheme 1)

2.1.1. 4-Bis(triethoxy)benzene (1) and 1,4-
bis(chloromethyl)-2,5-bis(triethoxy)benzene (2)
Compounds 1 and 2 were synthesized according to proce-

dure given in the literature [28]. The spectroscopic and
analytical data were in agreement with the literature values.

2.1.2. 5-Bis(triethoxy)-p-xylylenebis(triphenylphosphonium
chloride) (3)

A solution of 2.20 g (5.0 mmol) of 1,4-bis(chloromethyl)-
2,5-bis(triethoxy)benzene and 2.68 g (10.2 mmol) of triphe-
nylphosphine in 40 ml of anhydrous toluene was heated at
reflux with stirring for 14 h. The precipitate began separat-
ing after 30 min. The mixture was then allowed to cool to
room temperature and the gray precipitate was filtered,
washed with toluene followed by ether. After drying
under vacuum at 60°C, the dry weight was 3.20 g (66%).
The powdery white product (m.p. = 246°C) was used for the
subsequent polymerization and characterization without
further purification. "H-NMR (300 MHz, CDCl;, ppm): &
7.77-7.48 (m, 30H, Ph C-H), 6.92 (s, 2H, aromatic C—H),
5.00(d, J = 13.8 Hz, 4H, ArCH,), 3.49 (m, J = 4.8 Hz, 8H,
ArOC,H,), 3.35 (m, 8H, OC,H,0C,Hs), 3.23 (q, / = 7.0 Hz,
4H, OCH,CH3), 1.17 (t, J=7.0 Hz, 6H, CH;); C-NMR
(300 MHz, CDCl;, ppm): 6 150.7 (aromatic C-0), 135.3
(Ph p-C), 134.7 (Ph O-C), 130.4 (Ph m-C), 118.8 (Ph C-P),
117.7 (aromatic C-H), 117.0 (aromatic C-CH,),
70.7(ArOCH,CH,), 70.0  (OCH,CH,OC,Hs), 69.3
(OCH,CH,0C,H;s), 67.8 (OCH,CHj), 66.9 (ArOCH,),
25.7, 25.1 (ArCH,), 15.5 (CH,); FT-IR (KBr, cm™'): v
3403, 3052, 3003, 2967, 2927, 2852, 2767, 1587, 1518,
1483, 1453, 1437, 1316, 1229, 1112, 1061, 1028, 995,
949, 870, 833, 745, 691, 635, 525. Anal. Calcd for
Cs6HgC1,O6P: C, 69.78; H, 6.48. Found: C, 69.86; H, 6.52.

2.1.3. Poly[(2,5-bis(triethoxy)-1,4-phenylenevinylene)-alt-

(1,4-phenylenevinylene)] (BTEOPPV-alt-PPV) (4)
2,5-Bis(triethoxy)-p-xylyenebis(triphenyphosphonium)

chloride (2.41g, 2.5mmol) and 0.34 g (2.5 mmol) of
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Fig. 1. FT-IR spectra of BTEOPPV-alt-PPV film (a) before and (b) after iosmerization.

terephthalaldehyde were stirred together in 30 ml of anhy-
drous fert-butyl alcohol at 25°C. A solution of 0.84 g
(7.5 mmol) of KOBu' dissolved in anhydrous tert-butyl
alcohol (10 ml) was added dropwise under argon over a
period of 1h. An intense orange-red color developed at
the point of contact. On mixing, a bright yellow precipitate
formed. The mixture was stirred for 10 h. After the addition,
the paste-like product was collected and thoroughly washed

with ethanol/water (3/1) to remove the byproducts triphe-
nylphosphine oxide and KCI. After reprecipitation from
CHCI;—-MeOH, the orange-yellow solid polymer was
dried in a vacuum oven at 40°C to give 0.84 g (72%) of
the copolymer. For isomerization of carbon—carbon double
bonds into all-trans configuration, the orange-yellow solid
polymer was refluxed for 4 h in toluene in the presence of a
catalytic amount of iodine. After removal of the toluene, the
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Fig. 2. 'H-NMR spectra of BTEOPPV-alt-PPV in CDCl; (a) before and (b) after isomerization.

product was dissolved in chloroform and precipitated out
with methanol. The polymer with all-frans configuration
was obtained after drying under vacuum [29]. 'H-NMR
(300 MHz, CDCl;, ppm): 6 7.52 (m, 6H, aromatic protons),
7.10 (m, 4H, vinyl protons), 4.24 (m, 4H, ArOCH,), 3.97
(m, 4H, ArOCH,CH,), 3.78 (m, 4H, OCH,CH,0C,Hjs), 3.65
(m, 4H, OCH,CH,0C,Hs), 3.53 (m, 4H, OCH,CHj3), 1.21(t,
J= 6.9 Hz, 6H, CH5); *C-NMR (300 MHz, CDCl;, ppm):
6 151.5 (aromatic C-0), 137.5 (Ph C—CH), 129.1 (aromatic

C-CH), 127.3 (Ph C-H), 123.4(CH=CH), 111.5 (aromatic
C-H), 71.4 (ArOCH,CH,), 70.3 (OC,H,OC,Hs), 69.1
(OCH,CHj3;), 67.1(ArOCH,), 15.5 (CH3); FT-IR (solution-
cast film, cm ~"): » 3025 (aromatic C—H stretching), 2925 (s,
ve_y, CHj), 2862 (s, vc_y, CHp), m, aromatic stretching
(1597, 1492), 1451 (m, éc_y, CH»), 1420, 1348, 1259, vs
C-0O-C stretching (1207, 1109, 1060), 961 (trans-vinylene
C-H, out-of-plane), 806 (m, vc_y,CH,), 699. Anal. Calcd
for (CogH360¢),: C, 71.77; H, 7.74. Found: C, 71.10; H, 7.78.
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Fig. 3. "C-NMR spectrum of BTEOPPV-alt-PPV in CDCl,.

2.2. Fabrication of LEDs

An indium tin oxide coated glass substrate (50 (}/[J) was
washed with water, acetone and isopropyl alcohol sequen-
tially. A yellow-green transparent, pinhole-free thin
(~100 nm) BTEOPPV-alt-PPV film, observed by atom
force microscopy (Nanoscope Illa AFM, Digital Instru-
ments), was spin-coated from a 2.0 wt% solution of the
polymer in CHCI;. Thereafter, an aluminum electrode
(~150 nm) was deposited on top of the device at a
high vacuum (below 1x 107> Torr). Wires were attached
to the respective electrodes with a conductive carbon
colloid. All fabrication steps were performed in clean
room conditions. Measurements were done at room
temperature. For the LEC fabrication, similar steps were
performed except that a film (~150 nm) was spin-coated
from the blend of the copolymer and lithium triflate
(LiOTYf) (10% w/w to polymer) in chloroform/cyclohexane
(5:1 v/v) onto the ITO glass substrate and then heated to
65°C on a hot plate for a few hours to remove any residual
solvent.

3. Results and discussion
3.1. Synthesis and characterization of BTEOPPV-alt-PPV

BTEOPPV-alt-PPV was synthesized through the Wittig
reaction of 2,5-bis(triethoxy)-p-xylylenebis(triphenylphos-
phonium chloride) and terephthalaldehyde. The products
of each step in Scheme 1 were characterized by spectro-
scopic methods such as FT-IR (Bruker IFS-66V vacuum-

type FT-IR), '"H-NMR (Bruker DPX-300 NMR) and "*C-
NMR (Bruker DPX-300 NMR). Elemental analyses
(Perkin—Elmer EA-240C) were in good agreement with
those for the expected structures. The FT-IR spectrum of
film BTEOPPV-alt-PPV showed the presence of both cis-
CH=CH (853 cm ") and trans-CH=CH (962 cm ") absorp-
tions in medium intensity before isomerization in Fig. 1(a),
which indicated that conventional Wittig reaction would
create a mixture of frans and cis iosomers while in Fig.
1(b) the pure trans-olefins were evidenced by the absence
of the characteristic absorbance of cis-substituted alkene
[29]. It is noteworthy that the IR absorptions of the aldehyde
group at 1700 and 2730 cm " still exist although their inten-
sities are drastically decreased after the polymer has been
carefully purified. And aldehyde group was also detected by
both 'H-NMR (9.9 ppm) in Fig. 2 and "*C-NMR (192 ppm)
in Fig. 3, which indicated that the polymerization using
conventional Wittig reaction was incomplete and the grow-
ing polymer chains were terminated by aldehyde groups
[30] considering the monomeric residues remaining in the
polymers. As depicted in Fig. 2(a), the "H-NMR spectrum
of BTEOPPV-alt-PPV shows the typical resonance of trans-
substituted vinylene moieties at 7.1 ppm and its cis-counter-
part in the region at around 6.5 ppm before isomerization
while no signal in Fig. 2(b) is observable for cis-substituted
vinylene moieties after isomerization [31] as shown in the
FT-IR spectra. The remaining proton resonances are attrib-
uted to the aromatic moiety (7.5 ppm), the ethyleneoxy
groups (3.5-4.2 ppm), and the terminal ethoxy group
(1.2 ppm). The corresponding *C-NMR spectrum given in
Fig. 3 shows five signals of the aromatic carbons together
with the resonances of the olefinic C-atoms at 123.4 ppm
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Fig. 4. TGA and DSC thermograms of BTEOPPV-ait-PPV.

and signals of the aliphatic carbons in the ethyleneoxy units
over the range 67.1-71.4 ppm and the ethoxy at 15.5 ppm.

3.2. Physical and thermal properties of BTEOPPV-alt-PPV

BTEOPPV-alt-PPV was readily soluble in common
organic solvents, such as chloroform, cyclohexane, ethyl
acetate, chlorobenzene, toluene and polar and highly polar
solvents, such as DMF, pyridine, acetic acid, due to the
presence of flexible oligo(ethylene oxide) side chains.
These side chains can act as a “bound” solvent lowering
the interactions between the main chains and leading to a
large increase in entropy when the polymer is dissolved or
melted. The molecular weights of the polymer, as deter-
mined by gel permeation chromatography (GPC, Waters
Model 510) using polystyrene standards, are M, = 15, 060

1.0

and M, = 34,228 (PDI=12.27). It was found that
BTEOPPV-alt-PPV had high thermal stability as weight
loss was less than 5% on heating to about 365°C under
nitrogen atmosphere (Fig. 4) (SDT 2960 Simultaneous
DTA-TGA, TA Inst. 2100). The polymer film was stable
in air. DSC analysis (Perkin—Elmer DSC-7) revealed that
the elastomeric films of BTEOPPV-al+-PPV have a glass
transition temperature (7,) of 237.4 K from oligo(ethylene
oxide) side chains. It was noted that BTEOPPV-alt-PPV
exhibits liquid crystalline properties and self-organization
in these materials with rigid-rod frans-poly(phenyleneviny-
lene) backbones containing fusible oligo(ethylene oxide)
side chains was confirmed by thermal analysis (Shimadzu
DSC-50) (Fig. 4), X-ray investigation (Rigaku D/Max-RA
XRD) and polarized microscopic observation (ORTHO-
LUX-II POL-BK POM equipped with a Leitz hot stage
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Fig. 5. UV-VIS, PL spectra of BTEOPPV-alt-PPV film and solution in CHCl;, and EL spectrum of the ITO/BTEOPPV-alt-PPV/Al device.
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Fig. 6. UV-VIS, PL spectra of LiOTf-complexed BTEOPPV-alt-PPV film and EL spectra of the ITO/BTEOPPV-alt-PPV + LiOTf/Al device.

and a Wild MPS 51S camera) [32—-67]. The work on nano-
structure and morphology from self-ordering is in progress.

3.3. Luminescent properties of BTEOPPV-alt-PPV

Fig. 5 shows the UV-VIS absorption spectra (Shimadzu
UV-3100-VIS-NIR spectrophotometer) of solid film and
solution of BTEOPPV-al+-PPV. The maximum peaks of
the absorption are found at 430 and 455 nm, respectively.
The broad, longest wavelength absorbance can be attributed
to the m—m" electronic transition associated with the -
conjugated polymer backbones. The absorption edge is
about 530 nm, which corresponds to 2.34 eV of optical
band gap close to that of the parent PPV (E,, = 2.39 eV).
The broad ground-state absorption spectrum for thin poly-
mer film shows a small blue shift compared to that of the
solution spectrum. This small change in absorption spec-
trum from a thin film to dilute solution is in contrast to
many other soluble conjugated polymers where large solva-
tochromism (the spectra in dilute solution show large blue
shifts relative to that obtained in the solid state) has been
observed [4,5,28]. Conformational changes of m-conjugated
polymers are inherently coupled to the electronic structure
of the m-electron system. In the previous literature, poly-
diacetylenes, poly(thiophene)s and PPVs exhibit color
changes (chromism), which is solvent (solvatochromism)
and/or temperature (thermochromism) dependent. But the
interpretation of these transitions for conjugated polymers
has been controversial because of the difficulties in separat-
ing the contributions of the conformational changes in the
polymer backbone and the aggregation phenomenon of the
macromolecules to the observed chromism [68]. However,
in BTEOPPV-alt-PPV, the side groups that render the poly-
mer soluble are well separated from side groups on the
adjacent alternating chromophore unit. The steric interac-
tion between side groups that twists the conjugated repeat-
ing units from planar configuration and causes the

solvatochromism is negligible in BTEOPPV-alt-PPV.
Therefore, this small blue shift in BTEOPPV-alt-PPV film
compared to the solution spectrum may be the result of
solid-state aggregation [30]. It seems that this unusual beha-
vior in the solid state is due to the distortions both in the
ether linkage and in the polymer backbone caused by steric
hindrances from the enhanced interaction between strong
polar neighboring or intermolecular side chains by introduc-
tion of additional oxygen atoms [69,70]. Larger contribution
of the self-aggregation than electron donation to the
system by oxygen atoms also accounts for the larger band
gap of BTEOPPV-alt-PPV.

The PL spectra pumped by UV light (JOBIN YVON-
SPEX FluoroMax-2 spectrophotometer, A., = 367 nm, Xe
lamp) of thin film spin-coated onto the quartz slide and
solution in CHCI; display some difference (Fig. 5). The
sharp main peak for the solution sample is at 521 nm with
a minor shoulder at 550 nm, which is associated with the
vibronic coupling of the excitons. While only a main peak
for the film sample takes place at 566 nm, which means the
emission area lies in the region of yellow-green. The PL
quantum efficiency of the polymer measured in a CHCI,
solution is relatively high (@, = 0.60), although the corre-
sponding value for a solid film is only about 10%. The low
quantum yield of emission in the thin film can be a result of
self-quenching of interchain excimer emission due to stack-
ing (m—m co-facial aggregation) of the polymer [68]. In
contrast to the absorption spectra, the emission spectrum
was dramatically red-shifted in the thin film relative to solu-
tion. The bathochromic shift of the emission maximum in
the film is likely due to the highly ordered structure in the
solid state film. This ordered structure in the solid state may
arise from either intra- or intermolecular w— interactions
of the chromophores. These, in turn, are responsible for the
unique optical properties [30]. It is well known that a face-
to-face stacking interaction between the phenyl groups can
take place in the solid state. However, m—r interactions or
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Fig. 7. Current density—luminance—voltage characteristics of a single-layer LED, ITO/BTEOPPV-alt-PPV/ALl.

stacking depends on the molecular architecture of the poly-
mers (both the chromophore and the nonconjugated flexible
chain). The intermolecular stacking may take place in
BTEOPPV-alt-PPV and strong polar interaction between
the intermolecular side chains as well as the planarity of
the conjugated backbones controls the stacking morphology
[71]. This is consistent with the results obtained from X-ray
investigation. Since the polymer forms the stacked structure
in the solid state, it is unattractive as a light-emitting device
because of its relatively low photoluminescence and elec-
troluminescence quantum efficiencies due to aggregation
quenching. Formation of the stacks in the solid state is, on
the other hand, an important physical criterion for the
formation of liquid crystals. Consequently, the study of
BTEOPPV-alt-PPV opens up new vistas for theoretical
and experimental understanding of such materials and for
developing them as liquid crystal devices. This also opens a
new way of designing nanosized capacitors and other build-
ing blocks for nanoelectronic devices formed by self-
assembly processes [72].

It is noted that in the absorption spectrum of BTEOPPV-
alt-PPV complexed with Li triflate, in the same ratio as it is
used in the device, a small shift of the maximum to shorter
wavelengths  (Ap =414 nm, E, =2.41eV) can be
observed (Fig. 6). This shift of the absorption spectrum of
LiOTf-complexed BTEOPPV-alt-PPV compared with
BTEOPPV-alt-PPV  (Ayy =430 nm,  E,, = 2.34eV)
(Fig. 5) can be considered to be due to the complexation
of the oligoethyleneoxy side chains with Li™ metal ions.
This effect is also known for some other conjugated poly-
mers containing linear or cyclic oligo(ethylene oxide) based
molecular recognition sites that can be used as chemical
sensors [14,73,74]. These sensor effects are based on the
principle that the conformation and/or the electron density
of the conjugated polymer backbone change (ionochromic
or voltammetric effects) due to the presence of ions. Upon

ion complexation, conformational defects along the poly-
mer backbone and reduction in the degree of conjugation
result in electronic localization leading to a sensory
response [13,75]. In addition, the introduction of a salt
into the polymer matrix can lead to spatial rearrangement
of the polymer chains. So the sensor effects may be partly
contributed by the intermolecular restacking in the solid
state [37] because the additional salts can be used to control
interchain packing distances and the degree of intermolecu-
lar excimer formation [71] in terms of supramolecular struc-
ture and morphology of the materials. Therefore, such a
shift is not only visible in the absorption or PL spectrum
but also in the EL spectrum where a similar shift of the
electroluminescence  spectrum of LiOTf-complexed
BTEOPPV-alt-PPV in the LEC (A,,,x = 541 nm) (Fig. 6)
compared to the electroluminescence spectrum of pure
BTEOPPV-alt-PPV in the LED (A, = 552 nm) (Fig. 5)
as in the absorption is observed. This unexpected behavior,
as well as the ion formation, free ions to ion pairs ratio
change with temperature and morphology change of this
copolymer after adding the extra LiOTf, is currently under
investigation.

The single-layer LED based on BTEOPPV-alt-PPV
shows a yellow-green light EL emission similar to the PL
emission of the solid film but with a small hypsochromic
shift. This indicates, as expected, the same singlet excitons
being responsible for both the EL and PL emissions. Fig. 7
shows the characteristics of the current density and lumi-
nance against voltage at the single-layer LED. This LED
showed a turn-on voltage of 7.5V and efficiency of
0.038 Im/W (120 cd/m?, 10V, 0.1 A/cm?). For the LEC
with the structure ITO/BTEOPPV-alt-PPV + LiOTf /Al,
Fig. 6 shows EL spectra upon application of a voltage of
forward-bias or reverse-bias. The spectrum of emitted light
is the same in either case indicating that the emission is
independent of which electrode serves as the anode and
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which serves as the cathode: the LEC is bipolar. The PL
spectrum, included for comparison, is slightly red-shifted,
as in the pure BTEOPPV-alt-PPV. Fig. 8 shows symmetric
current density/V and luminance/V characteristics typical
for these kinds of LEC devices. This LEC based on
BTEOPPV-alt-PPV with alternative building blocks carry-
ing side chains capable of supporting polyelectrolytes shows
a lower turn-on voltage of 2.5 V compared with its single-
layer LED and enhanced efficiency of 0.185 Im/W (210 cd/
mz, 4V, 0.09 A/cmz) much higher than the efficiency of its
corresponding LED. Furthermore, the response times of this
LEC driven with a square wave form pulse are found to be in
the microsecond range, which is low enough for its applica-
tion in column-row addressable flat panel displays.
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